result in quantitative descriptions of the inherent limitations of present radiological matical derivation is given in the APprocesses and, hopefully, in the develop-PENDIX. ment of .impro,:ed pro.cesses yielding in-GENERAL DESCRIPTION OF BASIC CONCEPTS creased dIagnostIc certamty.
.
. At present the number of investigators
The Potont Spread-Funchon working in this field is very small-too In the analysis of a physical system, small, in fact, to insure a satisfactory rate methods of communication theory are used of progress toward the important goal. to determine the performance of the sysThis is partly due to the fact that the tern as a transducer in converting a system physics and mathematics involved are inpqt to an output.
It is not the aim of highly specialized and cannot readily be communication theory to investigate in assimilated from the existing literature.
detail the interior of a system but rather Any author in this field is faced with the to-characterize-a--system-re-rmirialfy--by dilemma of ".riting lucidly for readers hav-establishing a general dependence of the ing diverse backgrounds of scientific trainoutput on the input. As indicated in ing, since meaningful investigations in this Figure 1 , the problem can be stated as field cannot be carried out by physicists follows: Given a black box (the system), alone but must be made in cooperation with determine its transfer characteristics so radiologists ,vho are the only ones, after all, that the output resulting from any cl)nwho fully appreciate the operational aspects ceivable input can be uniquely predictof the radiological process. In this co-ed. operation each investigator will tend to
The practical importance ofkno\vingthe contribute most in the field for which he system transfer characteristics is obvious. was trained. On the other hand, it is help-For example, if the system is a sound transful if all investigators develop a common mitter the "fidelity" of the output can be language and an understanding of basic predicted; in the case of imaging systems concepts. With this in mind, the present the image deterioratwn introduced for any discussion of some important concepts of given object can be predetermined. The ?ptical communication theory is presented present discussion will be confined to In nonmathematical form. A brief mathe-imaging systems. ill en s an mg on e 0 Jec In the general case, this system analysis is plane and the point spread-function extremely complicated. It can be sim-as a "hump" on the image plane. As plified, however, if the investigation is re-indicated schematically in Figure 2 , A, I stricted to a particular type of system hav-the point spread-function is unsymmetric ing the following properties:
in general. For certain systems, however, ' 1. Linearity, which is distinguished by ~e point spread-function .poss.~sses rotar the two basic characteristics: (a) the out-tlonal symmetry as shown m FIgure 2, B. ' put corresponding to a sum of inputs is Systems of this type are called isotroPic. r equal to the sum of the outputs corre-The isotropic property results in a simsponding to the inputs acting separately; plified description of the transfer characterand (b) multiplication of the input by a istics of the system which will be discussed . constant multiplies the output by the same later. From the above, it is apparent constant. that the point spread-function is, in fact, a ' 2. lnvariance, which requires that the transfer characteristic of the system for a image of a point retains its shape as the specific input in that it provides a unique object point is moved in the obj~_Pl~e. relation between a unit point source ~~-This property is frequently called iso-and the corresponding output. It will now planatism. Often this requirement is not be shown that the point spread-function is fulfilled in the entire image plane. In of much broader significance for linear f that case the image plane can be decom-systems, posed into isoplanatic patches over each of From the first property associated which the shape of the point image does with system linearity described previnot vary appreciably. The shape of the ously it follows that, if an arbitrary point image, however, does vary from number of unit point sources is located in patch to patch, For the sake of clarity the the object plane, each of them will be following discussion will be confined to imaged independently of the others as a :. systems which are isoplanatic as a whole. point spread-function in the image plane, i
Conclusions reached, however, will be The total image of all unit point sources ã pplicable within each isoplanatic patch in is then simply the sum of all corresponding f systems which are not isoplanatic as a point spread-functions over th~ i~~ge :. whole. plane. This is known as the superpos~uon i
The isoplanatic property enables us to princiPle of linear imaging.
t '
define a unique characteristic of the imagFrom the second property of linear sysing system which is called the point tems it follows that, if the intensity of a unit spread-function of the system and is de-point source is multiplied by some constant, fined as the radiation intensity distribution then the corresponding point spread-func-" in the image of an infinitely small aperture tion will be multiplied by the same constant , ,; point sources of different intensities. The \ij image of each point in the object is the scanning with a small aperture exactly "1.\,'., point spread-function multiplied by an through the center of the distribution l fi appropriate intensity factor, and the total which causes alignment difficulties. These image is the sum of all the point images. experimental problems which cause inl Thus, from a knowledge of the input in-accurate measurements can be overcome If' tensity distribution in the object and of by measuring another transfer character- '" . tithe ~yste~ poi~t ~pre~d-f~nctl°f! the out-istic of the ~ystem from which the point I ~; put mtenslty distribution m the Image can spread-function can be calculated. multiplying each point in the object in-defined. This is the line spread-function I '; tensity distribution by the system point which represents the radiation intensity spread-function and summing over the distribution in the image of an infinitely entire object distribution is known as narrow and infinitely long slit (line source) convolution of the input with the point of unit intensity. In a perfect imaging spread-function.
system the radiant energy emanating from Before this convolution can be carried a line source in the object plane would be out, the point spread-function of a given concentrated in a line in the image plane. system needs to be measured by using a In practical systems, however, optical small aperture as a source. Direct mea-imperfections result in a "sme.aring-out" sUrement of the point spread-function, of the energy around the ideal line image however, is difficult for two experimental and, therefore, in unsharp imaging of the ,reasons. First, in order to approximate a line source. The line spread-function pro-" point source of radiation the aperture must vides a measure of this unsharpness. In be made quite small relative to the size of Figure 4 the unit line source is shown as a the point spread-function. Under prac-"knife edge" of unit height standing on tical conditions this yields a very low input the obje;ct plane, and the line spread-funcradiation intensity into the system. Sec-tion as a "welt" on the image plane. It and, measurement of the resulting intensity will be shown later that the line spreaddistribution in the imag-e plane requires function is a system transfer characteristic nd by scanning the resulting output (the the object plane. In addition, it can be slit image) with a narrow slit. This experi-shown that the line spread-function is a m ental technic eliminates both difficulties system transfer characteristic for the associated with the direct measurement of special case of one-dimensional inputs.
i the point spread-function. Determining The reasoning is analogous to the case of ., the point spread-function from the mea-the point spread-function in the foregoing sured line spread-function, however, is no section and will, therefore, be presented simple matter in general. This is due to only in its essentials. the fact that the line spread-function is a As discussed previously, the point spreadone-dimensional function obtained from function is a unique characteristic of isoa rectilinear scan of a one-dimensional in-planatic imaging systems. Therefore, the tensity distribution, whereas the point line spread-function is also a unique system spread-function is two-dimensional. This characteristic for anyone orientation of the can be explained by notingtherelationship lmesourcerelative to nonisotropiC-sysfems -r between the two functions.
or for any orientation relative to isotropic ;~,-It can be shown mathematically (see systems. If the system is also linear, an APPENDIX) that the direct measurement of input consisting of a field of line sources of the line spread.,function described above arbitrary intensity will result in an output is equivalent to scanning the point which is the sum of the corresponding line spread-function with a slit which is spread-functions, each multiplied by an narrow and long relative to the size of the appropriate intensity factor. Figure 5 point spread-function. Since the point illustrates this for two line sources. If the spread-function is often unsymmetric, as input is a continuous object over which the indicated in Figure 2 ., A, the shape of the radiation intensity varies in one dimension line spread-function depends on the direc-only, such as a straight-edge or a bar pattion in which tht point spread-function tern, the object can be considered as an is scanned. For the calculation of the aggregate of an infinite nu~ber of line point spread-function the line spread-sources of different intensities. The correfunctions corresponding to all possible sponding output is calculat~d by multiorientations of the scanning slit must be plying each line source in the object in-. known (6). In terms of the directly tensity distribution by the system line measured line spread-function this means spread-function and summing over the that the line source must be placed in all entire object distribution. This one-dipossible orientations in the object plane. mensional convolution operation is illusMatters are simplified considerably when trated in Figure 6 . Therefore, the line a , Image plane Distance spread-function is a transfer characteristic cussed. It was seen that by means of the of linear, isoplanatic imaging systems for system point spread-function, the output the special case of one-dimensional inputs. resulting from an arbitrary, two-dimenIt must be emphasized that the line sional input can be predicted. Similarly, spread-function does not serve as a magical the system line spread-function can be used shortcut to reduce a two-dimensional directly to predict the output correspondtransfer problem to a one-dimensional one. ing to an arbitrary, one-dimensional input. To describe the transfer of two-dimensional The great utility of these concepts derives inputs, the point spread-function is needed, from the fact that the study of the transand the line spread-function is merely an mission of complex object intensity disaccurate experimental tool to determine the triou-twnsisre-dfIced--to-tht: ~t!Idy of-the' point spread-function. The line spread-transmission of very simple intensity disfunction leads to a simplification of the tributions-namely, a point source or a line overall problem only in the case of one,. source. Once the relatively uncomplicated dimensional inputs. Even in this case, the experiments to measure the transmission two-dimensional character of the imaging of these simple object distributions have system cannot be ignored entirely when the been carried out on a given system, the system is nonisotropic. The slit which is transmission of any conceivable object used to measure the line spread-function distribution can be calculated. must be oriented in the same direction relaIn this context the study of the transtive to the imaging system in which the mission of a third simple object intensity direction of constant intensity in the one-distribution in which the intensity varies dimensional object is oriented. Only in sinusoidally With distance in the object the study of isotropic systems can the plane is of particular usefulness. The solid orientation of the object relative to the curves in Figure 7 depic.t two such distribusystem be ignored.
tions having different spatial frequencies .
. measured in cycles/mm. The term spatial The Modulahon Transfer Funchon (MTF) frequency does not imply a vibration or
In the foregoing sections two methods of change in time of the intensity distribudescribing the optical transfer character-tion. The distribution is considered staistics of imaging systems have been dis-tionary in time and space just as the line isotropic system. ' funcuon of the system. In mathematical terms the modulation transfer function is pattern in a resolution chart which is de-the absolute value of the optical transfer scribed as having a certain number of function. For a complete description of lines/mm.2 When such a sinusoidal in-the transfer of sinusoidal inputs through tensity distribution in the object plane is nonisotropic systems the optical transfer imaged by means of a linear, isoplanatic, function is required since a phase shift nonisotropic system of unit magnification, occurs in these systems. In isotropic systhe intensity distribution in the image plane tems the phase shift is zero, so that the will also be sinusoidal with the same spatial modulation transfer function completely frequency as the object distribution. The describes the transfer of sinusoidal inputs. optical imperfections of the system, how-For the sake of simplicity the following ever, will cause the amplitude of the image discussion will be confined primarily to the distribution to be reduced, and the dis-modulation transfer function. tribution as a whole will be shifted laterally
The mere fact that the modulation transrelative to the object distribution as shown fer function provides a description of the by the broken curvesin--Figurrl:--The-.-imaging Qf-sinusoidal-intensitydistribu tions reduced amplitude indicates a loss of resolu-is not sufficient reason for introducing it, tion in the system, and the lateral shift is since the same can be done by convolving described as a phase shift. It is customary the sinusoidal distribution with the system to characterize the sinusoidal distribution line spread-function. The great signifiin terms of its modulation rather than its cance of the modulation transfer function amplitude. Modulation is defined as the lies in the fundamentally different manner ratio of the amplitude to the average value in which it describes the transfer of of the distribution. Note that the average sinusoidal inputs. It will be recalled that value of a sinusoidal distribution of radia-the calculation of the output from the input tion intensity cannot be smaller than the by means of the point or line spread-funcamplitude of the distribution since nega-tions proceeds from a point-by-point tive values of intensity are physically knowledge of the intensity distribution in the meaningless. Therefore, the modulation object plane. Convolution of the object cannot be greater than unity. distrib1.Jtion with the point or line spreadIn practice, several sinusoidal intensity function, which is expressed in terms of distributions having different spatial fre-distance in the image plane, results ~ a quencies but identical amplitudes and point-by-point description of the intensity modulations are introduced in the object distribution in the output plane. In other -words, point and line spread-function are . I In the analysis of systems for the imaging of mov-transfer characteristics of the system in the mg phenomena, e.g., fluoroscopic systems, an additional P t. 1 do . Cal I . t temporal variation of the sinusoidal input needs to be saw ma~n. cu ation of the outpu introduced. This case will not be discussed here.
from the input sinusoidal distribution by means of the modulation transfer function, cycles/mm as described above. Figure 8 on the other hand, proceeds from a knowl-shows an example of a signal and its ampliedge of the modulation and the spatial tude spectrum. This particular signal is frequency of the input. Multiplication of the input to a radiographic imaging system the input modulation by the modulation (5). In principle, describing the input as transfer function, which is expressed in an intensity distribution in the spatial terms of spatial frequency, results in the domain and as an amplitude distribution modulation of the output having the same in the frequency domain is analogous to spatial frequency. Thus, the modulation describing it in two different languages. transfer function describes the transfer of The two descriptions are equally valid and sinusoidal inputs in the spatial freque1tCy-.-comprehensive,~_an~th.e-Eo.lJmL.tr-~.Q!m..-domain. Note that the mathematically is the means for translating from one complicated convolution operation in the language to the other. For example, in spatial domain is replaced by simple multi- Figure 8 the width of the input in the plication in the spatial frequency domain. spatial domain translates into the magni-(Compare equations (2) and (5) in the tude of the amplitudes at high frequencies APPENDIX.) It will now be shown that the or, simply, the high-frequency content modulation transfer function also provides in the frequency domain. Similarly, the a unique relation between arbitrary, study of the transfer of intensity distribunot necessarily sinusoidal inputs and the tions in the spatial domain becomes a study corresponding outputs and is therefore a of the transfer of amplitude spectra in the general system transfer characteristic. frequency domain. Since the modulation It is well known (9) that most non-transfer function describes the transfer of periodic variations of a quantity in time or sinusoidal inputs in the frequency domain, in space (signals, inputs, etc.) can be repre-it also describes the transfer of amplitude sented as a sum of an infinite number of spectra. Therefore, the modulation transsinusoidal component signals of different fer function is a general transfer characteramplitudes and frequencies. The mathe-- Fig. 9 . Summary of concepts used in optical com-the case of isotropic systems, the orientamunication theory. tion of the line source is immaterial, and the: $ general modulation transfer characteristics I istic of linear, isoplanatic, isotropic systems of the system can be calculated simply t' in the frequency domain, linking arbitrary from the line spread-function by oneinputs with the corresponding outputs. dimensional Fourier transformation. As By the same reasoning for nonisotropic in the spatial domain, this apparent reducsystems the optical transfer function is a tion of a two-dimensional problem to a onegeneral transfer characteristic. Thus, just dimensional problem should not be misas in the case of the point and line spread-interpreted. To analyze the transfer of . function, the introduction of the modula-two-dimensional inputs wh~~~~cIibe~-tion transfer function h~red-ucea~ebytwO-dlmensional amplitude spectra in study of the transmission of complicated the frequency domain, the two-dimensional inputs to the study of the transmission of modulation transfer function is needed. very simple inputs-namely, sinusoidal Only in the case of one-dimensional inputs intensity distributions. In keeping with is the one-dimensional modulation transfer the language of the frequency domain, function sufficient to relate the output to , imaging systems are often called filters of the input. spatial frequencies (see APPENDIX). Figure 9 broadly summarizes the transTo complete the equivalence of the fer characteristics of imaging systems in the spatial and frequency domains, the counter-spatial domain and in the spatial frequency POINT SPRE,,\lJ-FUNCTION, LINE ~PRE.\lJ-l'UN\.:TlUN. ,,\NlJ ~\J.~~' _\.'v mathematical complexity is especially use-date the whole frequency band into which ful for the analysis of cascaded systems con-the pulse can be resolved. Otherwise, dissisting of several linear, isoplanatic com-tortion will result. Similarly, the optical ponents in series so that the output from degradation of an image can be related to one component is the input to the next the modulation transfer function of an component. In the spatial domain, cal-imaging system. culation of the overall transfer characteristics of such systems from the component RADIOGRAPHIC APPLICATION transfer characteristics would require a
In order to relate the concepts discussed complicated multiple convolution. On the above to practice, their application to other hand, the total modulation transfer radiographic screen-film systems will be function of the complex system is simply described. The details of the experithe product of all component modulation mental procedure have been discussed in transfer functions. This makes it easy, for previous publications (3, 11) and will only example, to determine the weakest link be summarized here. in the chain of imaging components com-
The most commonly used screen-film prising a composite system. system consists of a pair of fluorescent Furthermore, working in the frequency screens in intimate contact with both sides domain makes it possible to study the of a radiographic film which has photocombined effects on the image of the optical graphic emulsion coated on both sides of a system characteristics and of noise, such as support. The thickness of the phosphor electronic system noise in image intensifier-layer on each screen is about 100 p., and television chains, grain noise in films, and each emulsion is about 10 p. thick. The input quantum noise in all radiographic thickness of the support is about 180 ,IL.
imaging systems. ~oise is best described Before the above concepts of communicaquantitatively by means of the Wiener tion theory are applied to this system, it spectrum which is derived from Fourier needs to be established if the system satisanalysis of the random noise pattern:. The fies-the-conditions--of-linearity--and--iso-~~-Wiener spectrum indicates the spatial planatism. frequency content of noise just as the The exposure response of the screen-film amplitude spectrum is used to describe the system is nonlinear when it is expressed in spatial frequency content of nonrandom terms of photographic density by means of intensity distributions. For example, the the characteristic curve of the film. It has modulation transfer function in con-been determined experimentally, however, junction with the noise spectrum is useful that the system is linear if the output is in predicting the transmission of input expressed in terms of effective exposure or noise through the system. illuminance in the film. From two slit Besides the two specific advantages of images whose exposures differed by a factor the frequency domain representation cited of four, it was found that the ratio of the above, treating optical imaging systems as two effective illuminance distributions in filters of spatial frequencies brings to bear the film was equal to the measured x-ray on the optical transfer problem a great body exposure ratio and independent of the of knowledge derived from electrical com-distance from the center of the line image. munications theory (10). For example, a Thus, the screen-film system can be "linearclose analogy exists between the design of ized" by using as the output the effective an optical system and the construction of a illuminance in the emulsions. This prodevice to amplify an electrical pulse. De-cedure is commonly applied in the analysis pending on the shape of the pulse which of photographic films. determines its frequency content, the
The isoplanatic condition requires that amplifier must have a frequency response the point spread-function is independent of "'I-A'iro;"",tl.., ..";,1,,, (hn11rl 71'irlfh1 to 9ccommo-the angle at which x rays are incident on .-...'0.".. '.' mediately adjacent to the intensifying screen nearest the x-ray tube, and the input as the x-ray intensity pattern in this plane. Geometrical unsharpness and enlargement effects are thereby separated from the characteristics of the screen-film system and are described by separate transfer characteristics of the exposing process (12).
The line spread-function of screen-film . medium-speed screens. C. With fast screens. ,um s 1 orme y p atmum Jaws, 2000 ,um thick, which is mounted in the aluminum the screen-film system. This is not the front of a vacuum-exposure holder. The case, in general, since oblique incidence screen-film system to be investigated is will result in an increase of the effective placed inside the holder in intimate conthickness of the screens and in lateral dis-tact with the slit and exposed to x rays on placement of images. The influence of an optical-bench arrangement. The finite oblique incidence on the point spread-width of the slit is negligible relative to the function, however, is estimated to be unsharpness of present screen-film systems, negligible for practical exposure setups in-so that the slit is effectively a line source of volving focal-spot-screen distances which radiation. Exposed and processed slit are very large relative to the thickness of images similar to those shown in Figure 10 the system for films of normal size. In are traced on amicrodensitometer (13), and any case, the isoplanatic condition will the line spread-function is calculated by certainly be satisfied sufficiently well if ~eans of the microdensitometer calibraonly objects near the perpendicular to the tlon curve and the characteristic curve of screen-film system are considered. the film. It should be noted that this 'c In additon to being linear and isoplanaticr-~~t40d__.Qf_measw:emenL.results in a .line".
:
screen-film systems can also be expected spread-function whose physical meaning is ,!4': to be isotropic. This is known to be the somewhat different from that used in case for photographic emulsions and should optics. Since the double-coated film sandalso be true for intensifying screens if the wich is quite thick and since the total slit screens are uniform, since it is difficult to image is composed of partial images in the see how a uniform screen could introduce two emulsions which are separated by the directional effects. Experimental results film base, a well-defined image plane does have confirmed this expectation.
not exist within the system. In fact, the In applying linear communication theory only image plane which can be defined to radiographic screen-film systems in-rigorously is the final image plane in the volving double-coated films, it should be microdensitometer during the scanning noted that the process of image formation operation. Therefore, scanning of the slit is quite different from that usually en-image and subsequent application of the countered in optics. The radiographic conventio:nally measured. characteristic image is essentially a shadowgram of a curve of the film do not yield the correthree-dimensional structure formed by sponding exposure or illuminance distribu.-Ip enetrating radiation. The source of radi-tion in an image plane, but rather what t ation is of finite size and the x-ray beam is might be looked upon as an "effective" exi' diverging. As a result, geometrical un-posure or illuminance distribution in the sharpness and enlargement exist in the film, It has been shown experimentally . input to the imaging system. Under (14) that it is valid to call this effective these conditions it is convenient to define distribution a line spread-function of the . the object plane as a plane in space im-screen-film system. ' Figure 14 . component sinusoidal distributions are not added, the original x-ray pattern will not be obtained. This is illustrated in Figure Ii , \vhich shows the ---~, original x-ray distribution and the results of plotting the sums of an increasing number of terms in the Fourier series up to the fourth term. It is seen that the original distribution is approximated more closely I the more terms are adde.d. Note that one effect of not adding all sinusoidal distributions which are contained in the original pattern is a rounding of the corners.
To translate these facts into the language of image x(mm) formation, we look upon the amplitude spectrum of the x-ray pattern as ~he object for an ~maging s~s- Fig. 17 . Synthesis of intensity distribution of Figure  tern . If the system 1S able to transD11t the entire 14 by adding sinusoidal distributions given by spectrum frequency content of the object, all component of Figure 16 . Curve 1: y = ,,/2; Curve 2: y = sinusoidal distributions necessary to synthesize the ,,/2+2 sin x; Curve 3: y = ,,/2;t2 sin x+2!3 sin 3x;
obJ . t "II al b t . th " Th " Curve4: y = ,,/2+2 smx+2/3sm3x+2/5sm 5x. ec W1 so e presen ill e lInage. 1S means that the image will look like the object or that the system is able to image the object perfectly. rounded corners resulting from the limited fre-.
If, on the other hand, the system is not able to quency content of the image will give the impression transmit the entire frequency content of the object, of unsharp imaging of the object.
.e., if it acts like a filter of spatial frequencies having It follows, therefore, that a knowledge of the filterinsufficient band width, then the absence of these ing characteristics of an imaging system would frequencies from the image will cause the image to enable us to predict how the object is transmitted appear different from the object. Specifically, if by the system and what the appearance of the rethe system transmits only sinusoidal distributions suIting image will be. In other words, the filter t the low frequency end of the object spectrum, function of the system is a measure of the optical 1.~., if it is a low-pass filter, the effect on the image quality of the system. This filter function is called \vtll be similar to that shown in Figure 17 . The the system modulation transfer function (MT F). n IS partlcu ar test 0 ]ect, it ranges from 3/8 to G cycles/mm. "'lIen these
The t\vo-dimensional Fourier transform of a funcsinusoidal light intensity-distributions ar~ed-_1;io~.J(,\"..;y~<!~fined to be as objects for an unsharp lens, i.e., if they are imaged ffm ----unsharply by a lens on a piece of film, the resulting F(vz,vlI) = .f(x,y)e-2.iC"z% + "II") dxd". image will appear as in Figure 18 , B. Note that the -= lens has not transmitted the higher spatial freIt exists if quencies contained in the object. The light intensity distributions in the object and in the image r r= ( ) .
The MT F shows that the lens-film combination is a e two-menSlon ta function ~ x,y 1S low-pass spatial frequency filter. When the ampli-defi~ed by tude spectrum of any arbitrary object is multiplied r r= y the. MTF, the amplitude spectrum of the image J J -= ~(x,y)dxdy = 1 and ~(x,y) = 0 for x2 + y2 =4= o.
1S obtained.
-.
In the case of x-ray imaging systems, the system . MTF is not usually measured directly in this manThe Point Spread-Function ner, since it is difficult to generate a sinusoidal spatial where (~.'1) and (x,y) are rectilinear coordinates in cates that the coordinate system in the object plane the object plane and in the image plane, respectively. has been rotated through an angle 6 relative to the Assume that the system is linear, such that original coordinate system (~.'1). This rotation re-.. suIts in new coordinate systems (~','1') and (x',y'). L{aI11(~.'1) + a2t2(~,'1)1 = alol(x,)') + a2D2 (x,y) According to equation (2) 
